Metabotropic glutamate receptors (mGluRs) mediate a variety of responses to glutamate in the central nervous system. A primary role for group-III mGluRs is to inhibit neurotransmitter release from presynaptic terminals, but the molecular mechanisms that regulate presynaptic trafficking and activity of group-III mGluRs are not well understood. Here, we describe the interaction of mGluR7, a group-III mGluR and presynaptic autoreceptor, with the cytoskeletal protein, alpha tubulin. The mGluR7 carboxy terminal (CT) region was expressed as a GST fusion protein and incubated with rat brain extract to purify potential mGluR7-interacting proteins. These studies yielded a single prominent mGluR7 CT-associated protein of 55 kDa, which subsequent microsequencing analysis revealed to be alpha tubulin. Coimmunoprecipitation assays confirmed that full-length mGluR7 and alpha tubulin interact in rat brain as well as in BHK cells stably expressing mGluR7a, a splice variant of mGluR7. In addition, protein overlay experiments showed that the CT domain of mGluR7a binds specifically to purified tubulin and calmodulin, but not to bovine serum albumin. Further pull-down studies revealed that another splice variant mGluR7b also interacts with alpha tubulin, indicating that the binding region is not localized to the splice-variant regions of either mGluR7a (900-915) or mGluR7b (900-923). Indeed, deletion mutagenesis experiments revealed that the alpha tubulin-binding site is located within amino acids 873-892 of the mGluR7 CT domain, a region known to be important for regulation of mGluR7 trafficking. Interestingly, activation of mGluR7a in cells results in an immediate and significant decrease in alpha tubulin binding. These data suggest that the mGluR7/alpha tubulin interaction may provide a mechanism to control access of the CT domain to regulatory molecules, or alternatively, that this interaction may lead to morphological changes in the presynaptic membrane in response to receptor activation.
Metabotropic glutamate receptors (mGluRs) are G proteincoupled receptors (GPCRs) that are widely distributed throughout the central nervous system and modulate cell excitability and synaptic transmission. There are eight molecular subtypes of mGluRs that are divided into three groups based on their sequence identity, signal transduction, and pharmacological profiles. Group-I mGluRs 1 and 5 couple to Gq to activate phospholipase C and are potently and selectively activated by 3,5-dihydroxyphenylglycine (DHPG). Group-II mGluRs 2 and 3 and group-III mGluRs 4, 6, 7 and 8 couple to Gi/Go to inhibit the activation of adenylate cyclase in heterologous expression systems, and are potently and selectively activated by (2S,2¢R,3¢R)-2-(2¢,3¢-dicarboxycyclopropyl)-glycine (DCG-IV) and S-4-phosphono-2-aminobutyric acid (S-AP4), respectively (for review, see Conn and Pin 1997; Pin et al. 1999) .
There are a handful of cytoplasmic proteins known to associate with the intracellular regions of metabotropic glutamate receptors. The mGluR second intracellular loop and carboxy terminal (CT) domains are required to interact with G proteins (Pin et al. 1994) . The CT domain of group-I mGluRs can also interact with intracellular protein regulators such as the Homer proteins (Brakeman et al. 1997) , which can physically tether these mGluRs to the inositol trisphosphate receptor (Tu et al. 1998) . The CT domain of mGluR1 has also been shown to bind to beta tubulin (Ciruela et al. 1999; Ciruela and McIlhinney 2001) , while the CT domain of mGluR5 has been shown to bind to calmodulin (Minakami et al. 1997 ) and the CT domains of both group-I mGluRs have been shown to associate with Siah-1 A, a mammalian homolog of the Drosophila seven in absentia (Ishikawa et al. 1999) . The CT domain of mGluR7 has been shown to bind to calmodulin (Nakajima et al. 1999; O'Connor et al. 1999 ) and PICK1 (Boudin et al. 2000; Dev et al. 2000; El Far et al. 2000) . Calmodulin-binding to mGluR7 overlaps the protein kinase C (PKC) phosphorylation site, thus calcium/calmodulin binding to the receptor inhibits PKC phosphorylation of mGluR7 (Nakajima et al. 1999; El Far et al. 2001) . Conversely, calmodulin does not bind to phosphorylated mGluR7. PICK1, a PKCa substrate and binding protein interacts with the most distal regions of the CT domain of mGluR7a (Dev et al. 2000) . mGluR7a forms a complex with PICK1 and PKCa, and PICK1 can inhibit the PKCa phosphorylation of mGluR7a (Dev et al. 2000) . These data suggest that PICK1 and calmodulin can modulate the phosphorylation state of mGluR7a and regulate receptor responses by controlling the desensitization of the receptor.
The studies described here were designed to identify additional proteins that can interact with the CT domain of presynaptic mGluRs. We have identified alpha tubulin as a cellular binding partner of mGluR7. Deletion mutagenesis experiments reveal that the alpha tubulin-binding site lies within amino acids 873-892 in the mGluR7 CT domain. This site overlaps with the region previously identified as an mGluR7 axonal targeting signal (Stowell and Craig 1999) , suggesting that the interaction with alpha tubulin may play a role in the subcellular targeting of mGluR7. Interestingly, the interaction between mGluR7a and alpha tubulin is dynamically regulated in that mGluR7a shows a rapid (within one minute) and significant (> 50%) dissociation from alpha tubulin upon receptor activation. These data suggest that the interaction between mGluR7 and alpha tubulin may provide a mechanism to control access of the CT domain to regulatory molecules, or alternatively, that this interaction may contribute to morphological changes in the presynaptic membrane in response to receptor activation.
Experimental procedures
Plasmid DNA constructs and mutagenesis The mGluR CT domains were amplified by PCR using specific oligonucleotide primers engineered with restriction sites 5¢ proximal to the end of the oligomer. For each mGluR construct, the following amino acids were included: mGluR1a, 841-1199; mGluR2, 815-872; mGluR7a, 851-915; mGluR7b, 815-923 . The PCR products were digested with EcoR1 and Xho1 (mGluRs 1a and 7b) or Not1 (mGluRs 2 and 7a) and subcloned in-frame into the polylinker region of the glutathione S-transferase gene fusion expression vector pGex-6P-3 (Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA). The mGluR2 and mGluR7a constructs were kindly shared by Drs H. Schaffhauser and T. Macek, respectively. The Quik-Change Mutagenesis protocol (Stratagene, La Jolla, CA, USA) was used to generate the deletion mutant mGluR7D893 and mGluR7D873 by inserting a stop codon into the mGluR7a CT fusion protein sequence. Subcloned DNAs were transformed into BL21 Gold Escherichia coli cells (Stratagene) and plated onto LB/ ampicillin agar plates. Single colonies were grown overnight in LB/ ampicillin medium, and plasmid DNA was isolated using DNA kits (Qiagen, Valencia, CA, USA). Clones were verified by restriction enzyme analysis and DNA sequence analysis, and the predicted amino acid sequences were determined by computer analysis.
Generation and purification of glutathione S-transferase (GST) fusion proteins
Large-scale preparations of bacterial sonicates for the purification of GST-fusion proteins were performed according to the manufacturers protocol (Pharmacia). In brief, a single colony of E. coli BL21 cells containing the recombinant pGex-6P-3 plasmid was grown overnight and used to inoculate 2xYT medium containing 100 lg/mL ampicillin (1 : 100 dilution). The cells were grown at 30°C with shaking to an A600 of approximately 1, and protein expression was induced by incubation for an additional 3 h in 0.1 mM isopropyl b-D-thiogalactoside (IPTG). The cells were collected by sedimentation, resuspended in phosphate-buffered saline (PBS), sonicated, solubilized in 1 · PBS, 1% Triton X-100, then bound to Glutathione Sepharose 4B. The glutathione-fusion protein matrix was washed three times in 10 bed volumes of 1 · PBS, assayed for protein content, and analyzed by Coomassie gel. Total brain lysate preparation, pull-down assays, and immunoblots Frozen rat brains (Sprague-Dawley adult male, 250 g) were homogenized by 15-20 strokes of a dounce homogenizer in ice-cold 1 · HEN (50 mM HEPES pH 7.4, 10 mM EDTA, 25 mM NaCl) plus Complete TM protease inhibitors (Roche Molecular Biochemicals, Indianapolis, IN, USA). The lysate was solubilized in 1% Triton X-100 with shaking at 4°C for 30 min, then centrifuged at 14 000 g for 15 min at 4°C. The supernatant was transferred to a new tube, a 1 : 100 dilution of glutathione sepharose-4B beads was added for 30 min at 4°C to preclear the lysate, and the sample was again centrifuged at 14 000 g for 15 min at 4°C. The supernatant was then assayed for protein content. Purified GST-fusion proteins linked to glutathione sepharose-4B beads were added to rat brain lysate and incubated for 1.5 h at 4°C with gentle shaking. The beads were centrifuged at 1800 g for 4 min and washed three times in 10 bed mGluR7 interacts with a-tubulin 981 volumes of ice cold 1 · PBS, 1% Triton X-100. The samples were brought into sodium dodecyl sulfate (SDS) loading buffer, heated to 55°C for 5 min, centrifuged at 14 000 g and subjected to SDSpolyacrylamide gel electrophoresis. The resultant gels were either analyzed by Coomassie stain or transferred onto polyvinylidene difluoride (PVDF) membranes. Blots were blocked in 1 · Trisbuffered saline (TBS), 5% milk at 4°C for 16 h and incubated with 5 lg/mL anti-alpha tubulin monoclonal antibody (Calbiochem, San Diego, CA, USA). The blots were washed and incubated with goat anti-mouse second antibody conjugated to horse radish peroxidase (HRP) (Bio-Rad Laboratories, Hercules, CA, USA), washed and processed to film by electrochemiluminescence (ECL) (Amersham Pharmacia Biotech, Piscataway, NJ, USA).
Coimmunoprecipitation
Cells expressing stably transfected mGluR1a or mGluR7a were plated in poly-D-lysine-coated six-well plates (10 6 cells/well) and the cultures were maintained at 37°C in 5% CO 2 for 5-7 days in Dulbecco's modified Eagle's medium (DMEM) supplemented with penicillin and streptomycin. For activation of the mGluRs, the cells were treated with 2 mM glutamate for 0, 1, 3, 10, 30 or 60 min The cells were rinsed twice in ice-cold 1 · HEN on ice, then scraped and collected into 1 mL of ice-cold 1 · HEN plus Complete TM protease inhibitors (Roche Molecular Biochemicals, Indianapolis, IN, USA). The cells were sonicated (4 Watts, 60 A) until the lysate was cleared, adjusted to 1% Triton X-100, and incubated at 4°C for 1.5 h with gentle shaking. Five per cent (v/v) of a 50% Protein A sepharose slurry was added for 1 h to preclear the lysate. The samples were centrifuged at 14 000 g for 15 min at 4°C and the supernatant collected to a new tube. For coimmunoprecipitation, 4 lg of antialpha tubulin was added to 500 lg of total cell lysate and incubated for 1.5 h at 4°C with shaking. The samples were further incubated with 50 lL of a 50% Protein A sepharose slurry for 1 h and centrifuged at 14 000 g for 5 min. The sepharose beads were washed three times in 1 · HEN, resuspended in 1 · SDS loading buffer, subjected to SDS-polyacrylamide gel electrophoresis and transferred to PVDF. The resulting membrane blots were incubated with anti-mGluR1a (Upstate Biotechnology, Lake Placid, NY, USA) or anti-mGluR7a (Bradley et al. 1996) and processed to film as described above.
Protein overlay experiments
Purified alpha/beta tubulin heterodimer (10 lg; Cytoskeleton Inc., Denver, CO, USA) and calmodulin (1 lg; Biogenesis, Kingston, NH, USA) as well as bovine serum albumin (10 lg; Sigma) were separated by SDS-polyacrylamide gel electrophoresis and the proteins were transferred onto PVDF membranes. The resulting blots were incubated in 1 · blocking buffer (20 mM HEPES pH 7.5, 100 mM KCl, 1 mM CaCl2, 5% BSA) plus Complete TM protease inhibitors (Roche) at room temperature for 1.5 h. They were then incubated in blocking buffer plus 10 lg/mL GST or GST-mGluR7a CT fusion protein for 1 h at room temperature, washed 4 times in blocking buffer without BSA, incubated with an anti-GST antibody (1 lg/mL; Stressgen, Collegeville, PA, USA) and processed to film as described above.
Results

Identification of a 55-kDa protein, alpha tubulin, that interacts with the CT domain of mGluR7
The goal of this study was to identify novel proteins that interact with the CT domain of presynaptic mGluRs. Thus the CT domains of mGluRs 2a and 7a were expressed as GSTfusion proteins and linked to GST-4B sepharose beads. These GST-fusion proteins were then incubated with total rat brain lysate, using GST alone as a negative control. The GST-fusion protein-sepharose bead complexes were washed extensively to remove proteins that bind non-specifically to GST, and specifically bound proteins were eluted by the addition of SDS sample buffer and separated by SDS-polyacrylamide gel electrophoresis. The resulting gels were stained with Coomassie blue and analyzed for proteins that appeared to uniquely interact with GST-mGluR fusion proteins. We found that the GST-mGluR7a fusion protein bound specifically to a prominent protein band of approximately 55 kDa (Fig. 1) . The 55 kDa protein band was excised from the polyacrylamide gel and subjected to microchemical analysis. The isolated band was digested with Lys-C proteinase and the peptides were purified by HPLC. The peptide sequences were analyzed by MALDI-TOF mass spectrometry and revealed a peptide sequence ÔVGINYQPPTVVPÕ (Val-Gly-Iso-Asn-Try-GlnPro-Pro-Thr-Val-Val-Pro) that corresponds to amino acids 353-364 of alpha tubulin. Although the alpha and beta tubulin monomers are approximately 40% identical, this sequence is Fig. 1 Alpha tubulin binds to the GST-mGluR7a CT domain. An SDSpolyacrylamide gel stained with Coomassie blue shows that a 55-kDa rat brain protein associates with the GST-mGluR7a fusion protein.
Neither GST alone nor the GST-mGluR2a fusion protein bound to any proteins detectable under these conditions. The protein band associating with the GST-mGluR7a fusion protein was excised from the gel and subjected to microchemical analysis. Peptide sequence analysis combined with MALDI-TOF mass spectrometry revealed a peptide sequence ÔVal-Gly-Iso-Asn-Try-Gln-Pro-Pro-Thr-Val-Val-ProÕ that corresponds to the amino terminal sequence of alpha tubulin. This sequence is unique to alpha tubulin, does not share any identity with beta tubulin, and did not correspond to any other known protein in a BLAST search.
unique for alpha tubulin and shares virtually no overlap with beta tubulin. These data suggest that the cytoskeletal protein alpha tubulin binds specifically to the CT domain of mGluR7a.
Alpha tubulin and mGluR7 coimmunoprecipitate
To ascertain whether the interaction between mGluR7 and alpha tubulin occurs in vivo, we performed coimmunoprecipitation experiments using lysates from either total rat brain or BHK cells stably expressing mGluR7a. Lysates were incubated with an antibody to alpha tubulin to immunoprecipitate alpha tubulin. Protein A sepharose beads selectively precipitated the protein complexes and these were subsequently separated by SDS-polyacrylamide gel electrophoresis and immunoblotted with anti-mGluR7a. The results show that alpha tubulin coimmunoprecipitates mGluR7a from rat brain lysates (Fig. 2a) as well as from mGluR7-expressing BHK cells (Fig. 2b) and support the hypothesis that these proteins specifically interact in vivo. While there appears to be more mGluR7a immunoprecipitated from the mGluR7-expressing BHK cells than from total rat brain lysates this is most likely due to differences in the expression of mGluR7 protein in each preparation. The coimmunoprecipitation experiments were also analyzed with antibodies to mGluR1a and mGluR2/3. The results from these experiments (data not shown) reveal that alpha tubulin coimmunoprecipitates with mGluR1a and may reflect a tubulin association via the interaction between beta tubulin and mGluR1a (Ciruela et al. 1999; Ciruela and McIlhinney 2001) . However, alpha tubulin did not coimmunoprecipitate with mGluR2/3, consistent with the lack of alpha tubulin binding to the GSTmGluR2a CT fusion protein (Fig. 1) .
The mGluR7 CT domain binds directly to alpha tubulin We have shown that the GST-mGluR7a CT fusion protein binds to alpha tubulin in pull-down assays using total rat brain homogenate, and that these proteins coimmunoprecipitate from rat brain and heterologous expression systems. However, this approach is limited in that alpha tubulin may interact with mGluR7 via an intermediate protein that links mGluR7a to alpha tubulin. Thus we used protein overlay experiments to determine if the alpha tubulin binding is direct. Purified tubulin was immobilized onto PDVF membrane and overlaid with GST alone or GST-mGluR7 fusion protein. Calmodulin, a previously reported mGluR7 binding partner (Nakajima et al. 1999; O'Connor et al. 1999) , was used as a positive control while bovine serum albumin was used as a negative control. The results show that the GSTmGluR7a CT fusion protein binds specifically to tubulin (Tub, 10 lg; 60 kDa) and calmodulin (CaM, 1 lg; 17 kDa), but not to bovine serum albumin (BSA, 10 lg; 66 kDa) (Fig.  3a) . Control experiments show that the GST fusion protein alone (1 lg; 27 kDa) is recognized by the anti-GST antibody but does not bind to tubulin or calmodulin (Fig. 3b) . Thus these experiments prove that tubulin directly binds to the CT domain of mGluR7a and that this interaction is not dependent on an intermediate binding protein.
Identification of the alpha tubulin-binding region of mGluR7
To determine the region of the mGluR7 CT domain that directly binds alpha tubulin, pull-down assays were used to study the binding of alpha tubulin to mGluR7b CT fusion protein and mGluR7 CT deletion mutant proteins. The GSTmGluR7b and GST-mGluR7 CT deletion mutant proteins were incubated with total rat brain homogenate and analyzed for their ability to bind to alpha tubulin. The results from these experiments show that both mGluR7a (residues 851-915) and mGluR7b (residues 851-923) bind to alpha The protein complexes were subjected to SDS gel electrophoresis and immunoblotted with anti-mGluR7a. Fig. 3 Alpha tubulin binds directly to mGluR7a. Protein overlay blots probed with anti-GST antibody show that the GST-mGluR7a CT fusion protein binds specifically to purified tubulin (Tub, 10 lg; 60 kDa) and calmodulin (CaM, 1 lg; 17 kDa), but not to bovine serum albumin (BSA, 10 lg; 66 kDa) (a). Control experiments show that the GST fusion protein (1 lg; 27 kDa) does not bind to tubulin or calmodulin, but is specifically recognized by the anti-GST antibody (b).
tubulin. Thus, the terminal 15 or 23 amino acids, respectively, located in the extreme CT domains of the receptors are not involved in binding to alpha tubulin (Fig. 4a) . The deletion mutant mGluR7D893 (expressing residues 851-892) also interacts with alpha tubulin, and the binding is not disrupted until the deletion mutant mGluR7D873 (expressing residues 851-872) is used. A Coomassie stained 4-20% SDS-polyacrylamide gel shows that each of the mGluR7-GST fusion proteins used in the pull-down assay were expressed in equal amounts (Fig. 4b) . These results indicate that alpha tubulin binds to a region of the mGluR7 CT domain between amino acid residues 873 and 892 (Fig. 4c) . The CT domain of the group-III mGluRs is depicted; the conserved amino acid residues are underlined and the alpha tubulin-binding site is boxed, the calmodulin/Gbc-binding site and PKA/PKC phosphorylation sites are italicized (Fig. 4d) .
Regulation of alpha tubulin binding by mGluR7 activation
To determine whether the interaction between mGluR7 and alpha tubulin is dynamically regulated, we analyzed the Fig. 4 Characterization of the alpha tubulin-binding site on mGluR7. An immunoblot shows that both mGluR7a and mGluR7b CT fusion proteins bind to tubulin and suggests that the splice variant regions (15 and 23 terminal amino acids, respectively) are not necessary for alpha tubulin-binding (a). Deletion mutagenesis experiments show that the deletion mutant mGluR7D893 (expressing residues 851-892) binds to alpha tubulin while the deletion mutant mGluR7D873 (expressing residues 851-872) does not (a). A Coomassie stained 4-20% SDS-polyacrylamide gel shows that each of the GST fusion proteins used in the pull-down assay were expressed in equal amounts (b). The results indicate that alpha tubulin binds to a region of the mGluR7 CT domain between amino acid residues 873 and 892 (c).
The group-III CT domains are depicted; the conserved amino acid residues are underlined, the alpha tubulin-binding site is boxed, the calmodulin/Gbc-binding site and PKA/PKC phosphorylation sites are italicized (d).
protein interaction at various times after receptor activation. mGluR-expressing BHK cells were grown to 80% confluency, and the cells were incubated in the presence of 2 mM glutamate for 0-60 min. The cells were collected, lysed, and immunoprecipitated with antibody to alpha tubulin. The immunoprecipitation blots were incubated with antibodies to mGluR7a as well as to mGluR1a as earlier coimmunoprecipitation experiments showed that mGluR1a also binds alpha tubulin. The results from these experiments show that alpha tubulin dissociates from mGluR7a within one minute of receptor activation (Fig. 5a ). Densitometry analysis of the immunoblots using NIH Image 1.62 measure a 58% decrease in the mGluR7a association with alpha tubulin within one minute and a maximal decrease in binding (72%) at 10 min of glutamate application. However, there is no significant decrease in the binding of mGluR1a and alpha tubulin (Fig. 5b) . Taken together, these results suggest that there is a specific and dynamic regulation of the interaction between alpha tubulin and mGluR7.
Discussion
Previous studies have identified calmodulin and PICK1 as proteins that interact with the CT domain of mGluR7 (for review see Dev et al. 2001 ). Our results demonstrate that in addition to these proteins, alpha tubulin binds to the CT domain of mGluR7. The mGluR7a interaction with alpha tubulin was originally detected by Coomassie stain of an SDS-polyacrylamide gel analyzing proteins that interacted with the GST-mGluR7a CT fusion protein. Although PICK1 and calmodulin associate with mGluR7a, they are not expressed as abundantly as tubulin and thus were not readily detected by this method. However, in protein overlay experiments the GST-mGluR7a CT fusion protein bound to both purified tubulin and calmodulin, but not to bovine serum albumin, indicating that the binding of mGluR7 to these regulatory molecules is direct. Molecular analysis revealed that the binding of mGluR7 to alpha tubulin occurs in a region located between the calmodulin and PICK1 binding domains, slightly overlaps with the calmodulin binding domain, and also overlaps with a central region that has been identified as necessary for axonal targeting (Stowell and Craig 1999) . Coimmunoprecipitation studies show that mGluR7 associates with alpha tubulin both in native brain tissue and in BHK cells stably transfected with mGluR7a. Interestingly, while both the monomer and dimer forms of mGluR7 are detected in total rat brain or mGluR7a-BHK cellular lysate, only the monomer form of mGluR7 is coimmunoprecipitated with alpha tubulin. This may suggest that alpha tubulin specifically interacts with the monomeric form of mGluR7, as the immunoprecipitation protocol does not disrupt the detection of both monomer and dimer forms of mGluR7 when it is immunoprecipitated. Finally, the alpha tubulin/mGluR7 interaction is dynamically regulated by receptor activation. This may be a potential mechanism to control the access of regulatory molecules such as calmodulin, PKC or PICK1 to the CT domain of the receptor. Activation of mGluRs is known to mediate changes in the cytoskeletal architecture. For example, stimulation of mGluR1 causes an increase in actin stress fiber formation that is prevented by calmodulin inhibitors, suggesting that calmodulin signaling plays an important role in cellular function of mGluR1 (Shinohara et al. 2001) . In addition, activation of mGluRs can induce a rapid and transient translocation of tubulin from the cytosol to the plasma membrane (Ciruela and McIlhinney 2001) and also can inhibit microtubule formation (Huang and Hampson 2000) . Thus there may be a role for the interaction between mGluR7 Immunoblots show that the monomeric form of mGluR7a receptors coimmunoprecipitate with alpha tubulin when mGluR7a-expressing BHK cell lysate is incubated with anti-alpha tubulin polyclonal antibody. However, mGluR7a binding to alpha tubulin is significantly reduced when the cells are incubated with 2 mM glutamate (a). In contrast, identical blots probed with an anti-mGluR1a antibody reveal that the regulation of alpha tubulin-binding is specific for mGluR7a. Bar graph shows the densitometry analysis of representative immunoblots using NIH Image 1.62. There is a 58% decrease in the mGluR7a association with alpha tubulin within one minute and a maximal decrease in binding (72%) at 10 min of glutamate application. However, there is no significant decrease in the binding of mGluR1a and alpha tubulin (b). These results suggest that there is a specific and dynamic regulation of the interaction between alpha tubulin and mGluR7. n ¼ 3 for each experiment, error bars show the standard deviation.
and alpha tubulin in regulating cytoskeletal changes in the presynaptic axon terminal mediated by activation of presynaptic mGluRs. Several lines of evidence suggest an important role for tubulin in regulation of presynaptic terminals. Early reports showed that tubulin and actin are major components of presynaptic dense projections (Mushynski et al. 1978) . In addition, Gozes and Littauer (1979) showed that alpha tubulin is significantly enriched in purified synaptosomes relative to whole brain, and that the ratio of alpha tubulin to beta tubulin is 1.6 : 1 in synaptosomes, as compared with a ratio of 1 : 1 in whole brain and in almost all other tissues. These data reveal that while alpha tubulin is an abundant protein throughout the brain, it is particularly concentrated in presynaptic regions. Ultrastructural studies of synaptosomes reveal the presence of a microtubular coil in the presynaptic nerve terminals, while immunocytochemical studies demonstrate the presence of alpha and beta tubulin subunits in this region (Cumming et al. 1983b) as well as alpha tubulin staining in axonal subpopulations (Cumming et al. 1983a ). In addition, G protein-coupled receptor kinases bind and phosphorylate tubulin and may provide an important regulatory link between the cytoskeleton and G protein-coupled receptors (Carman et al. 1998; Haga et al. 1998; Pitcher et al. 1998) .
There is growing evidence that membrane-associated tubulin may influence ligand-receptor interaction, receptor · G protein coupling, and G protein-effector coupling for many G protein-coupled receptors (for review see Ravindra 1997) . Tubulin binds specifically to the G proteins Gs and Gi1 and leads to the regulation of G protein-activated signaling molecules via a GTP transfer (Popova et al. 1994 (Popova et al. , 1997 (Popova et al. , 2000 . Tubulin can also contribute to cell signaling through physical forces; for example, GTP binding to tubulin may lead to conformational changes in receptors or G proteins which may in turn regulate agonist binding to the receptor. Finally, regulation of receptor interactions with tubulin may provide a link between the cytoskeleton and the modulation of signal transduction events. For example, changes in dendritic spine morphology are observed following glutamate stimulation of neurons, conceivably due to direct and indirect interactions between cytoskeletal proteins and glutamate receptors on postsynaptic membranes (for review see van Rossum and Hanisch 1999) .
It has previously been reported that mGluR1 can associate directly with beta tubulin (Ciruela et al. 1999; Ciruela and McIlhinney 2001) . These studies also show that mGluR2, mGluR3 and mGluR4 do not detectably associate with beta tubulin. These findings are consistent with our pull-down experiments, which demonstrated a lack of alpha tubulin interaction with the CT domain of mGluR2. Direct association with tubulin therefore is a property of mGluR1 and mGluR7 but is clearly not a property of all metabotropic glutamate receptors. The CT of mGluR1 and mGluR7 show no obvious sequence similarity, suggesting that these two receptors bind to beta and alpha tubulin, respectively, in completely distinct manners. This possibility is supported by the fact that alpha tubulins share only 36-42% amino acid identity with beta tubulins (for a review see Oakley 2000) . Thus based on their divergent primary sequences they are likely to be able to preferentially and independently associate with other proteins. In addition, studies show that there is differential binding of the tubulin monomers to other proteins. For example, the interaction between tubulin and elongation factor 1a, a highly conserved protein involved in translation that is also a microtubule-associated protein, revealed that beta tubulin but not alpha tubulin interacts with EF-1a in GST fusion pull-down assays (Nakazawa et al. 1999) . The idea that the mGluR7/tubulin interaction is fundamentally different from the mGluR1/tubulin interaction also gains support from our observations that the mGluR7/tubulin interaction is profoundly inhibited by agonist activation of mGluR7, while the mGluR1/tubulin interaction is not significantly altered by agonist stimulation. The independent regulation of mGluR/ alpha tubulin interactions may lie in the different roles that they serve on the pre-and postsynaptic membranes. For example, mGluR1 is rapidly internalized (within 10 min) upon receptor activation, a mechanism of receptor regulation that may serve to protect neurons during an excessive or prolonged presence of agonist (Doherty et al. 1999 ). More recent studies have shown that agonist activation of mGluR1 in BHK cells leads to the clustering of the receptor and a reorganization of beta tubulin, with some of the clusters corresponding to the intracellular accumulation of tubulin suggesting that the two proteins are closely associated at the plasma membrane (Ciruela and McIlhinney 2001) . Interestingly, agonist activation of the receptor resulted in a small but transient increase in the membrane association of beta tubulin similar to that reported by Popova and Rasenick (2000) for agonist activation of muscarinic acetylcholine receptors. The effect of mGluR1 activation on its direct interaction with beta tubulin, however, has not been addressed.
The CT domain within the group-III mGluRs is highly conserved, but is significantly different from the CT domains of the group-I and -II mGluRs. Thus while the alpha tubulinbinding site of mGluR7 is conserved between the group-III mGluRs, there is virtually no homology with CT domain of group-I and -II mGluRs. Within the CT domain of the group-III mGluRs share 52% amino acid identity overall however, the region most proximal to the seventh transmembrane domain is 87% conserved, the middle region containing the alpha tubulin-binding site is 45% conserved, and the region most distal to seventh transmembrane domain is the most divergent with only 30% conserved amino acids. (Fig. 4d) . The alpha tubulin-binding site is also in close proximity to the calmodulin binding domain (O'Connor et al. 1999) , the Gbc binding domain , as well as the protein kinase A (Cai et al. 2001) and protein kinase C phosphorylation sites . Interestingly, calcium activates an endogenous tubulin kinase system in presynaptic nerve terminal fractions prepared from rat brain, and this kinase system is modulated by calmodulin (Burke and DeLorenzo 1981; Burke and DeLorenzo 1982) . Calmodulin-regulated phosphorylation of tubulin causes marked alterations in tubulin, and tubulin kinase may play a major role in converting calcium signals into motor forces at the synapse (DeLorenzo 1982) . Interestingly, calmodulin binding to the mGluR7 CT domain inhibits phosphorylation by PKC (Nakajima et al. 1999) . Furthermore, calcium/calmodulin binding is required to release G protein bc subunits from the CT domain of group-III mGluRs and the subsequent G protein-mediated modulation of mGluR7-induced currents (O'Connor et al. 1999) . Taken together these results suggest that the interactions between mGluR7 and alpha tubulin, as well as regulatory molecules such as calmodulin, PKC and PICK1 may act in concert to modulate cytoskeletal components that in turn lead to morphological changes in the presynaptic membrane in response to receptor activation.
